Introduction
The development of lipid bilayer-based sensors by using pore-forming compounds, such as gramicidin and α-hemolysin, has attracted increasing interest. [1] [2] [3] [4] [5] [6] Not only free-standing bilayers, but also supported lipid bilayers, have been exploited, in which peptide channels are embedded as molecular transducers of electric signals. The lipid bilayers containing pore-forming compounds have the potential of designing highly sensitive molecular sensing interfaces based on the principle of ion channels. 7 Gramicidin A is a pentadecapeptide that forms highly selective cation channels. The gating is known to occur by the formation and dissociation of a transmembrane dimer. The total length of the gramicidin dimer is about 2.5 to 3.5 nm. [8] [9] [10] The formation of the gramicidin dimer is associated with a local stress of the bilayer structure caused by the thickness of hydrocarbon region of a PC bilayer. 11 The kinetics of dimer formation is modulated by the membrane thickness, 10, [12] [13] [14] [15] [16] [17] [18] [19] the charges of the lipid head groups, 20, 21 the chemical structures of the head groups, 22 the structure of hydrophobic tails, 15, 23 and the cholesterol concentration. 24 Such regulation of the gramicidin function by the bilayer physical properties is discussed extensively in a recent review. 11 Although these studies clarified the fundamental properties of single gramicidin channel, most studies have focused on the properties of ion-channel function specific for monovalent cations, rather than the design of molecular sensing interfaces.
There are two potential approaches for the design of biosensors based on gramicidin channels in lipid bilayers. One approach is based on the direct, chemical modification of gramicidin channels with receptors. [25] [26] [27] [28] The binding of ions or molecules (analytes) to receptor-tagged gramicidin modulates the kinetic of dimer formation in either free-standing or supported lipid bilayers. The modulation can be detected as changes in electric signals, such as admittance and ion currents. Another approach is that lipid bilayers are designed to cause a local stress of the bilayer structure upon the selective binding of an analyte to receptor sites of lipids rather than gramicidin. The analyte induces changes in the local stress of a lipid bilayer, leading to modulation of the kinetics of dimer formation. 5, 29, 30 We have demonstrated that channel events with the short lifetime of gramicidin in a receptor-bound lipid bilayer increases with the concentration of an analyte. 29, 30 This phenomenon has been proposed as a useful one for the detection of biomolecules, such as avidin and antibody. The membrane-bound receptor approach has the advantage that versatile receptors can be used to design bilayer interfaces. In addition, the number of receptor sites is independent from that of gramicidin channels, allowing the recording of a sensor signal based on single gramicidin channel without the deteriorating the dynamic range and sensitivity.
In the present study, considering the importance of controlling the structures and properties of lipid bilayers for the design of molecular sensing interfaces based on the membrane bound receptor approach, we performed recordings of channel currents of gramicidin A in free-standing lipid bilayers with different alkyl chain lengths, head group charges and kinds of head groups. We analyzed the recorded single channel currents in terms of the conductance and distribution of the lifetime. Based on these analyses, a lipid bilayer sensor based on gramicidin A is described, in which an integrated current rather than the frequency of short-lifetime events is used as an analytical signal. The integrated current is a very easily accessible, amplified analytical signal.
The channel activity of gramicidin A in free-standing planar lipid bilayers with different charges of polar head groups and various lengths of hydrocarbon tails were analyzed in terms of the channel conductance, the lifetime of channel events and the magnitude of integrated currents. The channel activity of gramicidin A in lipid bilayers is tunable by adjusting the membrane composition. The in situ coupling of the anti-BSA antibody as a model protein to the amine moiety of phosphatidylethanolamine (PE) in a lipid bilayer by the amine coupling method allowed us to design an antigen (BSA)-sensitive interface, in which the integrated current, rather than the frequency of channel event, can be used as an analytical signal. The potential of the present system for highly sensitive and selective detection of BSA at 10 -9 g/mL level is demonstrated. 
Formation of planar bilayer lipid membranes
Planar lipid bilayer membranes (BLMs) were formed at an aperture (diameter 30 -70 μm) of a Teflon film by a monolayer folding method. 31, 32 A lipid solution of phospholipid and Chol in a weight ratio of 4:1 in a mixture of chloroform and hexane (volume ration 1:1) was used for bilayer formation, unless otherwise noted. The chamber solution (1.4 mL) was a 0.15 M KCl solution containing 10 mM HEPES/KOH buffer (pH 7.4) (abbreviated as a KCl solution). For convenience, two aqueous solutions separated by a Teflon film are called cis (ground side) and trans (applied potential side) solutions, respectively.
Channel current recordings
Gramicidin A was dissolved in methanol, and then diluted with a KCl solution to give a 20 ng/mL solution. After a lipid bilayer was formed in a KCl solution, a small portion (5 -10 μL) of a 20 ng/mL gramicidin A solution was added to both cis and trans solutions, unless otherwise noted. Both solutions were usually stirred for 1 -2 min until the spontaneous fusion of gramicidin A, which can be known by the appearance of single-channel currents at +100 mV or -100 mV. The apparatus used for current recordings and data analyses were the same as described in our previous paper. 29 All recordings were carried out at room temperature (20 -25 C) . The single-channel conductance was analyzed with a pClamp 8.1 software Fechan (Axon Instruments Inc., Burlingame, CA) and the lifetime was analyzed with Lab chart 7.2 Japanese (AD Instruments Inc.).
Procedure for in situ modification of receptor
The modification of a receptor at a bilayer interface was performed as follows. First, gramicidin A was fused to a DOPE(C18:1)/DPPC(C16:1)/Chol bilayer from a trans solution.
After the channel activity of gramicidin A was observed, a 25-μL aliquot of a KCl solution containing anti-BSA (10 -2 mg/mL) was add to the cis solution (final concentration 1 nM). Then, a mixture (50 μL) of 0.15 M NHS and 0.06 M EDC in a KCl solution was added to the cis solution in order to couple anti-BSA to the amine moiety of DOPE. After incubation for 15 min, the cis solution was exchanged for a KCl solution to remove excess receptor and coupling agents. The exchange was carried out by synchronized aspiration and injection through Teflon tubes set in the cis side of the chamber, the end of which was connected to a peristatic pump (Advantec AP-1600, Tokyo, Japan). Then, a 12.5-μL portion of anti-BSA (10 -2 mg/mL) in a KCl solution was added again to the cis solution (final concentration 0.5 nM). It necessitated approximately 10 min for exchanging a cis solution (1.475 mL) for a KCl solution at a flow rate of 0.5 mL/min. Single channel currents were recorded at -100 mV or +100 mV (trans side) and at room temperature. The very magnitudes of the channel currents were not affected by the sign of the applied potential.
Impedance analysis
Electrochemical impedance spectroscopy was performed in a 4-electrode system with a high-resolution impedance spectrometer (INPHAZE, Sydney, Austria). The cell used for impedance measurements is schematically shown in 
where ε1 is the dielectric constant of the alkyl chains, which is assumed to be 2.1, 33 ε0 is the permittivity of free space (8.85 × 10 -12 ) and Cm the capacitance per unit area. The bilayer area was assumed to be equal to the aperture area of a Teflon film, because an aperture size of approximately 300 μm in diameter was used for the impedance measurements, and hence the contribution of the border of a lipid bilayer on the membrane area was minimized.
Results and Discussion

Effect of membrane thickness
The bilayer thickness of the hydrophobic region is known to vary linearly with the alkyl chain length. 12 We have reported that the number of channel events with short lifetime increase linearly with an increase in the length of alkyl chains of phosphatidylcholine. 32 Here, we assesses the lifetime of gramicidin A in lipid bilayers with different alkyl chain lengths. Figure 1 shows a single-channel recording for gramicidin A in lipid bilayers formed with phosphatidylcholine of varying alkyl chain lengths. The thickness of the hydrophobic region of the bilayer determined from the impedance analysis is given in Table 1 . The lifetime of a gramicidin A dimer was markedly dependent on the length of alkyl chains, as given in Table 2 . The lifetime varied from 180 ms in a DOPC(C18:1)/Chol (4:1) bilayer to 20 min in a DMPC(C14:1)/Chol (4:1) bilayer. The hydrophobic length of the gramicidin A dimer is known to be approximately 2.2 nm. 10 Therefore, the membrane thicknesses (hydrophobic thickness) of a DOPC(C18:1)/Chol bilayer (2.7 nm) and a DPPC(C16:1)/Chol (4:1) bilayer (2.3 nm) are longer than the dimer length. Such a local stress of the bilayer structure may lead to unstable dimer formation, leading to a short lifetime of the dimer. By contrast, in a DMPC(C14:1)/Chol bilayer, the lifetime of gramicidin A was very long, probably because the hydrophobic thickness was close to the length of the gramicidin A dimer.
In a DOPE(C18:1)/Chol (4:1) bilayer, the channel events with a short lifetime markedly increased (Table 2 ). A lifetime shorter than 100 ms occupied approximately 80% of the total opening events, while in a DOPC(C18:1)/Chol bilayer, the short lifetime events occupied only 36%. This difference can be explained by the thickness of a DOPE bilayer, which is larger than that of a DOPC bilayer, owing to a much closer packing of PE molecules. 34 In a DOPC(C18:1)/DSPC(C18:0)/Chol (2:2:1) bilayer, the fraction of channel events with short lifetime significantly increased as compared with the case of a DOPC(C18:1)/Chol bilayer (Fig. S3, Supporting Information) , suggesting that the formation of gramicidin A dimer was affected by the presence of unsaturated acyl chains.
Effect of membrane surface charges
Recordings of channel activity of gramicidin A in lipid bilayers with different charges of polar head groups are shown in Fig. 2 . The channel conductance and lifetime are given in Table 2 . The conductance is much larger in a negatively charged DOPS(C18:1)/Chol (4:1 in weight ratio) bilayer and much smaller in a positively charged EPC(C18:1)/Chol (4:1) bilayer as compared with that in a neutral DOPC(C18:1)/Chol (4:1) bilayer. A similar enhancement of the conductance for gramicidin channels has been reported in lipid membranes of diphytanoyl phophatidylserine (PS). 20, 21 On the other hand, the membrane surface charges did not affect the lifetime of the channel events, except for the DOPS bilayer, where short-lifetime events appeared to a lesser extent.
The suppression of conductance, and hence suppression of the entry of cations (K + ) into the channel, is due to the fixed positive charges of an EPC(C18:1)/Chol bilayer, which leads to a higher charge density near the cation-permeable channel mouth than in the case of a planar surface. 35 A similar explanation is adaptable to larger conductance in a DOPS(C18:1)/Chol bilayer, where the negative surface charge plays a role in controlling the entry of K + ions.
Effect of membrane composition
Considering that an integrated current is used as an analytical signal, the long lifetime of gramicidin A leads to the high sensitivity of a lipid bilayer sensor. However, when the lifetime of gramicidin A is very long, as observed in a DMPC(C14:1)/Chol bilayer, one needs to record its response for long time. In a DOPS(C18:1)/Chol bilayer, negative surface charges may induce non-specific interactions between the membrane surface and an analyte. Therefore, DPPC(C16:1)-based bilayers appeared to be suitable for a lipid bilayer sensor.
Comparisons of the channel activity of gramicidin A in lipid bilayers with different composition are shown in Fig. 3 . In a DPPC(C16:1)/DOPE(C18:1)/Chol (3:1:1) bilayer, open events with lifetimes longer than 1 s occupied approximately 60% of the total events, while the events shorter than 1 s were approximately 40% (Fig. 3c) .
On the other hand, in a DPPC(C16:1)/ DOPE(C18:1)/Chol (1:3:1) bilayer, events longer than 1 s rarely appeared (Fig. 3d) . Thus, events having a long lifetime predominantly appeared in the DPPC-rich bilayer, and the events with a short lifetime were predominant in the DOPE-rich membrane, showing that the channel activity of gramicidin A reflected the fraction of DPPC(C16:1) or DOPE(C18:1) in the mixed bilayer.
The distribution of the conductance of gramicidin A dimer in a DPPC(C16:1)/DOPE(C18:1)/Chol (1:3:1) bilayer (Fig. 3f ) shows that there exist two predominant conductance levels, i.e., 17 -18 and 14 -15 pS. On the other hand, the conductance levels of 14 -15 and 12 -13 pS were observed in a DPPC(C16:1)/DOPE(C18:1)/Chol (3:1:1) bilayer (Fig. 3e) . The appearance of the two conductance levels in the DOPE-rich bilayer implies that the bilayer is not homogenous. The presence of lipid rafts in vesicles of a DOPC-DPPC-Chol system has been reproted by using fluorometric 36, 37 and small-angle neutron scattering techniques. 38 We suppose that there exist lipid rafts in the DPPC-DOPE bilayer. The conductance level of 17 -18 pS may correspond to the activity of gramicidin A dimer, which stays in a DOPE raft, while that of 14 -15 pS corresponds to that of the dimer in a DPPC raft.
The conductance level of 17 -18 pS was not observed in a DPPC(C16:1)/DOPE(C18:1)/Chol (3:1:1) bilayer. This indicates that gramicidin A dimer stays in a DPPC raft rather than staying evenly in both rafts, because the gramicidin A dimer is more stable in a DPPC bilayer than in a DOPE bilayer (vide supra).
Coupling of receptor to a lipid bilayer
The results obtained above show that the channel activity of gramicidin A is tunable by controlling the membrane composition. The introduction of receptor sites to a lipid bilayer, together with the moderately long lifetime of channel activity, is necesary for designing a selective sensing interface based on an integrated current. For this purpose, lipid bilayers of DPPC(C16:1), DOPE(C18:1) and Chol in a weight ratio of 3:1:1 were used. Since the thickness of a DOPE(C18:1) raft is expected to be larger than that of a DPPC(C16:1) raft, the receptor (anti-BSA) appears to be more easily accessible to the amine moiety of DOPE(C18:1). In addition, the channel events of gramicidin A in this bilayer exhibit a moderately long lifetime (vide supra).
The chemical modification of anti-BSA (MW 150 kDa, pI = 8.4) 39 as a receptor protein to the amine moiety of DOPE(C18:1) in a mixed lipid bilayer was performed by the amine coupling method. First, gramicidin A as a signal transduction element was incorporated with the bilayer from a trans side. Then, anti-BSA was coupled to DOPE(C18:1) from a cis side, followed by solution exchange for the removal of excess anti-BSA and coupling agents. The introduction of anti-BSA was monitored by measuring an integrated current in a unit time (C/s), i.e., an integrated channel current divided by the recording time. The integrated current increased with an increase in the anti-BSA concentration and reached the maximum at a concentration above 0.5 nM (Fig. 4a) . For the response accompanied with an increase in the conductance (Fig. 4b) , however, the lifetime was not much affected by the anti-BSA coupling (Fig. 4c) . Therefore, the increase in the integrated current by the coupling of anti-BSA was due to the appearance of channel events with larger conductance. The coupling of anti-BSA may result in the modulation of lipid rafts in the DPPC(C16:1)-DOPE(C18:1) bilayer, thereby the fraction of gramicidin A dimmer that stays in a DOPE(C18:1) raft increases and/or the distribution of potassium ions at the membrane surface is modulated because of the bulkiness of the receptor, leading to an increase in the conductance.
Concentration dependence
The response of the anti-BSA-modified bilayer containing gramicidin A to BSA (pI = 4.8) 40 was investigated. In the presence of 0.5 nM anti-BSA in the cis solution, a small aliquot (10 μL) of a BSA solution at various concentrations was added. Figure 5a shows the integrated current vs. BSA concentration plot at -100 mV. The magnitude of the integrated current was normalized to that in the absence of BSA, because the very magnitude of the integrated current in the absence of BSA varied slightly. The normalized integrated current increased with an increase in the BSA concentration, ranging from 1.0 × 10 -9 to 1.0 × 10 -7 g/mL (curve 1). Such an increase in the response was not observed with a receptor-free lipid bilayer (curve 2), and also for avidin with a BSA-modified lipid bilayer (curve 3). The BSA-dependent increase in the response with an anti-BSA-modified lipid bilayer is ascribable to an increase in the channel conductance caused by the binding of BSA to the anti-BSA sites at the bilayer interface (Fig. S4, Supporting  Information) . It is noted that in the absence of anti-BSA in the cis solution, the response of the bilayer to BSA shifted to its higher concentration range, i.e., 10 -7 to 10 -5 g/mL (Fig. 5b) . This suggests that the formation of a polymeric complex between BSA and anti-BSA is responsible for the response of the present system. The increase in the channel conductance is seemingly because of the modulation of the raft structure and the distribution of K + ions at the membrane surface (vide supra). Since the number of channel events that are observed during current recordings increase with the length of the recording period, the magnitude of the integrated current depends on the recording time. However, when the integrated current was divided by its recording time, the slopes of the plots were independent on the recording time (Fig. 5b) . This suggests that the channel events appeared almost evenly during the recording time up to 20 min. Actually, the number of channel events observed with an anti-BSA-modified DPPC(C16:1)/DOPE(C18:1)/ Chol (3:1:1) bilayer in the presence of 1.0 × 10 -5 g/mL BSA was 32 for 5 min recording and 33 for next 5 min recording, followed by 74 events for the successive 10 min recording. Consequently, the integrated current divided by its recording time was suitable as an analytical signal for the quantification of BSA.
Conclusion
The results obtained above demonstrate that the response of a lipid bilayer containing a gramicidin A channel is tunable by adjusting the membrane composition. An appropriate choice of the membrane composition allowed us to couple the receptor (antibody) to a lipid bilayer, and to use an integrated current as an analytical signal. Since the design of a molecular-sensitive interface is often hindered by the difficulty of fusing the receptor with lipid bilayers, the present in situ coupling approach has the advantage that the spontaneous fusion of the receptor is not necessary. As compared with our previous study, where the frequency of channel events was an analytical signal, the present system based on an integrated current is more sensitive, because of the amplified feature of an ion-flux through the channel. The combined use of the in situ receptor coupling system and modernized bilayer formation techniques may lead to the development of a practical bilayer-based sensor.
